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ticles (cm2-sec-scer)-l above 10 XeV have been observed at the earth during
the past three solar cycles with at least 15Z. of these events containing
relativistic (i.e. > 450 MeV) protons. Other than an increase in solar
proton event occurrence with an increase in the sunspot cycle, no recogniz-
able pattern could be identified between the occurrence of solar proton
events and the solar cycle.
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TH:RTY YEARS OF SOLAR PROTON EVENTS

D. F. Smart and M. A. Shea

Geophysics Laboratory
Bedford. MA 01731 USA

Abstract

A total of 2L7 significant solar proton events with a flux of over 10 par-
ticles (cm2-sec-ster) "1 above 10 MeV have been observed at the earth during
the past three solar cycles with at least 15% of these events containing
relativistic (i.e. > 430 MeV) protons. Other than an increase in solar
proton event occurrence with an increase in the sunspot cycle, no recogniz-
able pattern could be identified between the occurrence of solar proton
events and the solar cycle.

Introduction. To study and analyze solar pioton events over the past three
solar cycles it is necessary to assemble a list of solar proton events that
is as homogeneous as possible. Using a criterion that each event have a
proton flux of over 10 particles (cm--sec-ster) "1 above 10 MeV (or equiva-
lent riometer absorption) we have assembled a list of 217 solar proton
events which have been recorded at the earth during the last three solar
cycles. We have utilized this list to search for any recognizable pattern
between the occurrence of solar proton events and the solar cycle.

Von-relativistic Solar Proton Events. To assemble a list which includes
beth the ground-Level events and the non-relativistic solar proton events
thac have occurred during the past three solar cycles it was necessary to
compensate for the evolution in the various detection techniques. Indirect
detection of solar proton events did not stabilize until approximately
1958, and spacecraft measurements were not really systematic until about
1963. Based on contemporary knowledge' it is possible to interpret the ri-
ometer sensed data to form a useftl continuous data base extending from the
present back until about 1955. The list of 217 events that we have com-
piled (Shea and Smart, L989) was derived from the following sources:

Solar Cycle 19: Primarily riometer or riometer equivalent data sup-
plemented with limited spacecraft data in the early 1960's. All known
ground-level events were also included.

Solar Cycle 20: Data from earth-orbiting satellite measurements of
solar particle events plus simultaneous polar riometer measurements.

Solar Cycle 21: Primarily from very sensitive spacecraft instruments.
The list also includes peak particle flux and fluence whenever these data
were available.

Ground-Level Events. The most homogeneous list of solar proton events de-
rived from a standard observational technique is the list of "ground-level
events" detected with neutron monitors. The sensitivity of this instrument
has been essentially unchanged since its inception in 1953. Although some
small events may not have been identified during the 19th solar cycle be-
cause of a sparsity of detectors, a more dense net of instruments, in-.
stalled in the polar regions for the IQSY, has enabled the identification
of events with increases of only a few percent since 1966. Figure I shows
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the temporal distribution of these relativistic solar proton events over
the past three solar cycles, and the location of the flare associated with
each event. Notice that seven of the 35 events have been associated with
flares behind the west limb of the sun, whereas only four of these events
have been associated with flares east of central meridian. These 35
ground-level events indicate that at least 15% of the significant solar
proton events (those with a flux of 10 protons (cm7-sec-ster) "l at energies
> 10 MeV) detected at the earth contained protons with energies > 450 MeV

Solar Proton Events for Sunsoot Cvcles 19-21. Since most major flares and
proton events occur in conjunction with sunspot activity, we used the
monthly mean sunspot number as our major ordering parameter (McKinnon,
1987); however, we used the smoothed sunspot number to define the length of
each cycle since the monthly mean numbers have a wide variance.

The top portion of Figure 2 shows the numbec of solar proton events that
occurred each 12-month period after sunspot minimum for the past three so-
lar cycles; the 12-month mean sunspot number for the same 12-month periods
is shown in the bottom of the figure. A summary of the number of events
for each solar cycle is given in Table 1. The three histograms in the top
part of Figure 2 are all different, and beyond the obvious fact that there
are more solar proton events during solar activity maximum than at solar
minimum, there does not appear to be any repeatable solac cycle pattern.

Using solar minimum as our fiducial mark, we summed the number of solar
proton events for successive 12-month oeriods after statistical sunspot
minimum for the past three solar cycles. From these results we find that
the majority of solar proton events for the past three solar cycles oc-
curred from the second through eighch years after sunspot minimum.

From an examination of the various events we find that significant solar
proton events occur in episodes with a large variance in the distribution.
There can be relatively long periods between significant events during the
sunspot solar maximum (e.g. 1980); conversely, significant solar proton
events, including ground-level events have occurred during solar minimum
(e.g. 1976). 1

In compiling the list of significant solar proton events we tried to iden-
tify each event with a solar flare on the sun, in most cases using the
identification given in each of the data sources. In many cases, there
were multiple flares on the sun, all of which may have released particles
associated with the aggregate particle event observed at the earth. There
were two types of sequences of activity, the most common being multiple
particle events associated with multiple flares from the same active region
such as the events in July 1959, November 1960 and August 1972. The other
type of activity sequence occurs when different regions on the sun each in- oPor
dependently produce copious solar particles. We have calculated the number Ul-
of discrete solar orqton producing regions associated with proton events 0
detected at the earth for each of the last three solar cycles (i.e. multi- 0
ple events from the same region contributed to only one episode and was ior
only counted once). The results are included in Table 1. From these cal-
culations we find that for each of the last three solar cycles at least 22%
of the significant solar proton events observed at the earth are from solar
regions that produce at least two or more discrete proton events.. lity CodoI
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Table L also presents the solar cycle summed fluences at energies greater
than 10 and 30 MeV for the past three solar cycles. These can be inter-
preted as showing a systematic downward trend; however, this trend is not
reflected in the maximum sunspot number for the respective cycles. Fur-
thermore, one additional very large solar particle episode at the earth
during solar cycle 21 might have contributed enough flux to equalize the
fluences for the 20th and 21st cycles.

Table 1. Solar Proton Events for Solar Cycles 19,20, and 21

CvS'= Start* End Months No. of No. of Solar Cycle summed
in Proton Discrete Proton Fluence

Cycle Events Regions > 10 MeV > 30 MeV

19 May 1954 Oct 1964 1Z6 65 47 7.2x101 0  1.8x1010

20 Nov 1964 Jun 1976 140 72 56 2.2x101 0  6.9x10 9

21 Jul 1976 Sep 1986 123 80 57 1.3x10 10  6.1xl09

Solar Cycle 22. The sunspot number for solar cycle 22 is presently in-
creasing with a pattern similar to the rise of cycle 19. The last ground-
level event of solar cycle 21 occurred in February 1984. It is now more
than five years since we have had a ground-level event detected at the
earth, making this the longest period (since 1956) without a ground-level
event.

Summary.

1. No recognizable pattern could be found between the occurrence of solar
proton events and the solar cycle as defined by the sunspot number.
2. At least 15. of the solar proton events were ground-level events con-
taining protons with energy greater than 450 MeV that were detected by
ground-based neutron monitors.
3. At least 22% of the significant solar proton events observed at the
earth are from solar regions that produce at least two or more discrete
proton events.-
4. Although the data base is somewhat limited,*particularly during the
19th solar cycle when satellite measurements were extremely limited, the
large flux and fluence events of the 19th solar cycle were not totally re-
peated in the 20th or 21st solar cycles.
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Figure 1. The observed high energy solar proton events (E > 450 MeV) over

three solar cycles. Top: smoothed sunspot number. Bottom: number of GLE

events each year. Right: location of the source solar flare on the sun.
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Figure 2. Top: number of significant solar proton events each 12-month Pe-
riod after solar minimum. Bottom: the 12-month mean sunspot numnber.
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